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Introduction
Gonadotrophin-releasing hormone (GnRH) neurones form the final
common pathway for the central regulation of reproduction. GnRH
stimulates release of the pituitary gonadotrophins, which in turn
activate gonadal steroidogenesis. These steroids complete both
homeostatic and nonhomeostatic feedback loops centrally to regu-
late GnRH release (1,2). In the male and during most of the normal
female reproductive cycle, homoeostatic negative-feedback upon
the frequency of GnRH release is enforced by oestradiol at low lev-
els and, in the female, progesterone. Nonhomeostatic feedback is
confined to females during the preovulatory period and occurs in
response to sustained elevations of oestradiol, which generate posi-
tive-feedback to induce the preovulatory surge of GnRH release
(3,4).
Our understanding of oestradiol feedback has come largely from
studies using in vivo treatments. More recently, the availability of
identified GnRH neurones has made electrophysiological
approaches possible (5,6). Using in vivo treatment followed by
acute brain slice preparation, investigators have shown changes in
GnRH neurone firing pattern, neurotransmission to GnRH neurones
and the function of specific ion channels in these cells in response
to oestradiol (7–13). Most evidence indicates the alpha isoforms of
the oestrogen receptor (ER) mediate these actions via classical
binding to oestrogen response elements (14,15). Because treat-
ments in these studies were performed in vivo, it is not possible to
parse the mechanisms mediating the effects. In this regard, ste-
roids including oestradiol can engage nuclear transcription factor
receptors, via classical and nonclassical pathways, and subsequently
alter gene expression to bring about effects (16). In addition, very
rapid effects of steroids have been observed throughout the cen-
tral nervous system (17,18), including in GnRH neurones (19–22)
and GT1 cells (23), as well as in the periphery (24). The rapid time
course of these effects suggested they did not require the macro-
molecular synthesis typically associated with classical oestrogen
signalling.
Receptors mediating the rapid effects of oestradiol
A number of receptor subtypes have been proposed to mediate the
rapid actions of oestradiol. The classical nuclear subtypes ERa and
ERb have been demonstrated to engage signalling cascades typi-
cally associated with the cell membrane (25). This can occur via
lipid modifications of the ERs, such as palmitoylation, allowing
association with the lipid bilayer, or by binding with caveolins. In
addition to classical ERs, however, at least three putative trans-
membrane oestrogen receptors have been proposed to mediate
rapid effects in the central nervous system: G-protein coupled
receptor 30 (GPR30) (26), ER-X (27) and mER (28). GnRH neurones
themselves appear to express ERb (29) and GPR30 (30) but could
potentially be influenced indirectly by all of these receptor subtypes
in a rapid manner.
Journal of
Neuroendocrinology
Correspondence to:
Suzanne M. Moenter, Department of
Molecular and Integrative Physiology,
7725 Medical Sciences II,
1337 E Catherine Street, Ann Arbor,
MI 48109-5622, USA (e-mail:
smoenter@umich.edu).
That oestradiol can have both negative- and positive-feedback actions upon the release of
gonadotrophin-releasing hormone (GnRH) has been understood for decades. The vast majority
of studies have investigated the effects of in vivo oestrogen administration. In the past decade,
evidence has accumulated in many neuronal and non-neuronal systems indicating that, in addi-
tion to traditional genomic action via transcription factor receptors, steroids can also initiate
effects rapidly via signalling cascades typically associated with the cell membrane. Here, we
review work examining the rapid actions of oestradiol on GnRH neurones, addressing the ques-
tions of dose dependence, receptor subtypes, signalling cascades and intrinsic and synaptic
properties that are rapidly modulated by this steroid.
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The rapid effects of high physiological levels of
oestradiol on GnRH neurones
The main approach that has been used to distinguish rapid from
classical oestrogen action is one using a short duration treatment.
This approach should minimise actions via genomic pathways,
allowing nongenomic actions to be revealed. One note of caution is
that genomic actions may well occur more quickly than typically
currently assumed; for example, promoter occupancy changes
within 1 min of oestradiol exposure on the crh gene (31). Nonethe-
less, this approach has been used to demonstrate the rapid effects
of oestrogens on GnRH neurones both in vivo and in vitro (21,32–
37). A majority of these studies demonstrate an increase in firing
rate, calcium oscillation frequency or transcription factor phosphor-
ylation, although inhibitory effects have also been reported (21).
These studies have rarely examined dose dependence or the neuro-
biological mechanism involved in these responses, however, necessi-
tating further investigation.
To examine the nongenomic actions of oestradiol on GnRH neu-
rones, we used acutely prepared brain slices from adult, short-term
ovariectomised mice. The parameter of interest was first recorded
under control conditions, and then native 17b-oestradiol was
applied via the bath. After a 5-min wash in period, response was
recorded 5–15 min after the initiation of oestradiol treatment, fol-
lowed by a return to control solution and the recording of
responses as they returned to baseline levels. In our initial studies,
we wished to focus on effects that might be mediated directly at
the GnRH neurone, and thus included blockers of ionotropic GABA
and glutamate receptors in the bath solution at all times to isolate
GnRH neurones from indirect effects mediated by fast synaptic
transmission. Of note, this would not block effects via changes in
neuromodulation.
Under these recording conditions, oestradiol induced an increase
in firing rate, observable within 2–3 min of application (38)
(Fig. 1A). The percentage of neurones responding and the percent
increase in firing rate increased with dose (100 pM to 100 nM).
Although steroids are lipophilic, drug penetration in brain slices is
typically low as a result of their thickness. It is thus notable that
these responses were observed at treatment levels (100 pM and
1 nM) that would be expected to produce physiological levels of
oestradiol in the vicinity of the GnRH neurone based on measured
circulating levels (39). Also of note, low physiological levels of oes-
tradiol (10 pM) had no effect on the firing rate under these condi-
tions (Fig. 1B).
To explore further the mechanisms of this effect, a series of
pharmacological and electrophysiological studies were done. The
excitatory effect of oestradiol was blocked by the pure classical
antagonist ICI182780, and mimicked by the ERb agonist 2,3-bis-
(4-hydroxyphenyl)-propionitrile (DPN), although neither the ERa
agonist propylpyrazoletriol (PPT), nor the GPR30 agonist G1 had
any effect. Oestradiol or DPN also increased the excitability of
GnRH neurones and, in rare cases, overt depolarisation of mem-
brane potential was observed in response to oestradiol after action
potential firing had been blocked with tetrodotoxin (38). Together
these observations suggest a rapid activation of GnRH neurones
mediated via ERb expressed in these cells, although as noted above,
indirect effects via neuromodulation cannot be eliminated.
In vivo work had indicated that CREB was rapidly phosphorylated
in GnRH neurones in an ERb-dependent manner (37). Consistent
with this, blockade of protein kinase A stopped the ability of oes-
tradiol to increase the GnRH neurone firing rate (38). Via this
kinase, and potentially others, oestradiol has been shown to rapidly
alter conductance of several types of ion channels in GnRH neuro-
nes. Oestradiol rapidly increases the current underlying the slow
afterdepolarisation, which is carried by sodium (40), decreases cal-
cium-activated potassium currents that underlie the afterhyperpo-
larisation (38) and increases L and R type calcium channels via ERb
and GPR30, respectively (41). The above three targets change in a
direction that is consistent with an increased activity of GnRH neu-
rones and ⁄ or potentially increased neurosecretion in response to
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Fig. 1. Rapid effects of oestradiol on gonadotrophin-releasing hormone
(GnRH) neurones. (A) In the presence of blockers of ionotropic GABA and
glutamate receptors [D(-)2-amino-5-phosphonovaleric acid (APV) + 6-cyano-
7-nitroquinoxaline-2,3-dione (CNQX) + BIC] GnRH neurones are excited to
fire action potentials at a higher rate by 1 nM oestradiol (E), although 10 pM
oestradiol has no effect. (B) Without blockers, 1 nM oestradiol (E) still
increases the firing rate but now inhibition is observed with 10 pM oestra-
diol, presumably mediated by the upstream fast synaptic transmission
network.
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action potential generation in the case of the high-voltage gated
calcium channels. It is important to note that the story with regard
to GRP30 is still evolving and species differences may well exist,
with perhaps a more predominant role in the primate (30,42). A
recent study also demonstrated a rapid activation of ATP-sensitive
potassium channels (KATP) (32), which would tend to decrease activ-
ity of GnRH neurones. Although this latter result may appear con-
tradictory with the excitation of GnRH neurones, it is important to
note that, although the integrated response of the cell to higher
doses of oestradiol appears to be excitatory, it is a net of all the
changes that occur. Oestrogen modulation of KATP channels may
play a critical role in response to negative energy balance because
these channels can serve as energy sensors.
The rapid effects of low physiological oestradiol levels
Under the recording conditions used above, 10 pM oestradiol had
no effect on the firing activity of GnRH neurones. In the intact
brain, however, fast synaptic transmission is not blocked as it was
in the experimental conditions used above to reduce variables. We
next investigated the effects of 10 pM versus 10 nM oestradiol when
fast synaptic transmission was allowed to operate within the slice
(38). As in the presence of ionontropic GABA and glutamate recep-
tors, high levels of oestradiol excited GnRH neurones. By contrast
to the situation in which fast synaptic transmission was blocked,
however, low (10 pM) oestradiol now inhibited GnRH neurones in a
rapid manner (Fig. 1B). This effect was mimicked by the ERa agonist
PPT but not the ERb nor GPR30 agonists, suggesting a separate
mechanism. Consistent with this, low-dose oestradiol had no effect
on any GnRH neurone intrinsic property that was examined. This, in
combination with the need for active fast synaptic transmission,
suggested that this effect was mediated upstream of the GnRH
neurone. Indeed, the ERa agonist PPT was found to rapidly reduce
GABAergic transmission. Because activation of GABAA receptors in
these cells is primarily excitatory (43–45), this would reduce synap-
tic drive to fire action potentials. Interestingly, the ERb agonist
DPN increased both GABAergic transmission and the postsynaptic
response to GABA, both of which would support excitation in
response to activation of this receptor. In other work, the alpha iso-
form of the oestradiol receptor was found to mediate the ability of
high (100 nM) oestradiol to induce a delayed (approximately
15 min) increase in GABAergic transmission in some GnRH neuro-
nes, possibly consistent with the excitatory effects of high oestra-
diol (13). This suggests that, even within our current thinking of
the rapid versus genomic actions of oestradiol, subdivisions of dif-
ferent mechanisms engaged with different time courses and requir-
ing different receptors may exist.
Summary and future directions
After a long period of dispute, there is now little question that ste-
roid hormones can have rapid effects, likely both directly on GnRH
neurones and on their upstream network, via multiple mechanisms
(Fig. 2). As with long-term effects, these rapid effects are dose-
dependent, with higher levels of oestradiol being excitatory and
lower doses inhibitory. A similar dose and receptor dependence of
the action of oestradiol was also found in cultured hypothalamic
GnRH neurones (46). There are several questions that remain. How
does the endogenous oestradiol level affect the response to acute
changes in oestradiol in the vicinity of the GnRH neurone? The vast
majority of studies have utilised ovariectomised animals to remove
interference from endogenous steroids; however, this is clearly not
the physiological situation. In the one case in which the rapid
effects of oestradiol were also studied in brain slices from oestra-
diol-treated mice, the ability of oestradiol to increase high-voltage
activated calcium currents was similar in both animal models,
suggesting that rapid changes in nongenomic oestradiol signalling
are not precluded in the presence of circulating oestradiol (38).
The effects on other aspects of this response are not known.
How do oestradiol levels change in the vicinity of GnRH neurones?
What, if any, are the physiological role of nongenomic actions of
oestradiol? And finally, how are the genomic and nongenomic
effects integrated in vivo to produce the overall response to this
steroid?
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